The complexities of the interactions between long-and short-wave radiation fluxes and the human body make it inherently difficult to estimate precisely the total radiation absorbed (R) by a human in an outdoor environment. The purpose of this project was to assess and compare three methods to estimate the radiation absorbed by a human in an outdoor environment, and to compare the impact of applying various skin and clothing albedos (α h ) on R. Field tests were conducted under both clear and overcast skies to evaluate the performance of applying a cylindrical radiation thermometer (CRT), net radiometer, and a theoretical estimation model to predict R. Three albedos were evaluated: light (α h = 0.57), medium (α h = 0.37), and dark (α h = 0.21). During the sampling periods, the range of error between the methods used to estimate the radiation absorbed by a cylindrical body under clear and overcast skies ranged from 3 to 8%. Clothing and skin albedo had a substantial impact on R, with the mean change in R between the darkest and lightest albedos ranging from 115 to 157 W m −2 over the sampling period. Radiation is one of the most important variables to consider in outdoor thermal comfort research, as R is often the largest contributor to the human energy balance equation. The methods outlined and assessed in this study can be conveniently applied to provide
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Introduction
In any environment, there is a continuous exchange of radiant energy that is reflected, absorbed and/or transmitted. Thermal comfort is influenced by short-wave (solar) radiation and long-wave (terrestrial) radiation. Solar radiation (∼0.3-4 μm) is received in the form of visible light and solar infrared radiation. Terrestrial radiation (∼4-100 μm) is emitted as a function of an object's temperature and emissivity.
Thermal comfort is specifically affected by the radiant energy that is absorbed and the radiation that is emitted or reflected back into the environment by the human body. The radiant flux density incident and emitted by a surface is commonly expressed in units of W m −2 . The radiation flux inputs are one of the most important components in the human energy balance, as the heat load received by a human in full sun is certain to be larger than resting metabolic rates (Matzarakis et al. 2007; Nielsen 1990) .
Effective methods of measurement and prediction of this input are required for accurate analysis of thermal comfort in outdoor environments (Blazejczyk et al. 1993) . Radiation fluxes vary considerably over space and time, reflecting both the dynamic state of the meteorological variables and radiative properties of surfaces that govern the radiation absorbed by objects in the ground hemisphere (Jendritzky and Nubler 1981) . The complexities of the interactions between the solar and terrestrial radiation fluxes in the sky and ground hemispheres and the human body make it inherently difficult to estimate precisely the total radiation absorbed (R) by a human in an outdoor environment.
Traditional approaches to estimating R in outdoor thermal comfort research can be time-consuming, expensive, cumbersome, and may not adequately address the contribution of the short-and long-wave radiation fluxes on the human body (Hodder and Parsons 2007; La Gennusa et al. 2005) . Although R can be modeled based on planar measurements of incoming and outgoing short-and long-wave radiation fluxes, readily available radiation data can often be difficult to obtain, as the incoming and outgoing solar and terrestrial radiation fluxes are not all commonly observed variables at many meteorological stations, and the equipment used to make these measurements is costly and highly specialized (Baigorria et al. 2004; Gul et al. 1998) . Reliable estimates of the incoming and outgoing solar and terrestrial fluxes received on a horizontal plane can often be obtained using the basic principles of environmental biophysics (e.g., Campbell and Norman 1998; Monteith and Unsworth 1990) .
Both measured and estimated planar radiation values must be subsequently modeled to provide an accurate estimate of the radiation incident on a human body, which is often represented as a vertical cylinder. Methods for converting the planar measurements to three-dimensional form can be complex, requiring short-and long-wave recordings in multiple directions, thus making R difficult to both measure and compute using planar radiation measurements (Matzarakis et al. 2007; Parsons 2003) . However, based on the geometry of long-and short-wave radiation fluxes (e.g., Oke 1987) , it is possible to model the radiation absorbed by a vertical cylinder based on one horizontal measure of the incoming and outgoing short-and long-wave radiation fluxes.
Methods have been developed to apply relatively simple on-site sensors to model the radiation absorbed by a human. In thermal comfort research, radiation is commonly modeled through application of the mean radiant temperature (T mrt )(
• C). Originally developed for application in indoor environments, T mrt is described as the uniform temperature of a hypothetical enclosure that would result in the same radiant heat transfer with the subject as in the actual complex environment (Fanger 1972; Matzarakis et al. 2007 ). T mrt is frequently modeled using a globe thermometer (Nikolopoulou and Lykoudis 2006; Thorsson et al. 2004; Nikolopoulou et al. 2001; Schiller 2001) . Based upon the equilibrium temperature of the globe and an energy balance approach to modeling the radiative and convective heat fluxes from the sensor, T mrt is calculated based upon the globe temperature, air temperature and air velocity (Thorsson et al. 2007; Fanger 1972) . Although the shape of the globe thermometer is appropriate for the isotropic fluxes of long-wave radiation, in an outdoor environment where a significant portion of the radiation received is parallel direct beam short-wave radiation, the globe shape and color may impact the instrument's ability to accurately represent the human body (Thorsson et al. 2007; Krys and Brown 1990; Brown and Gillespie 1995) .
Recent studies have applied an approach to modeling T mrt based upon an integration of the short-and long-wave radiation flux measurements and angular factors in relation to the human body in complex outdoor settings (Ali-Toudert et al. 2005 ; Ali-Toudert and Mayer 2006; Thorsson et al. 2007) . Through this integrated approach, T mrt is modeled based upon the sum of all short-and long-wave radiation fluxes impacting the human body in multiple directions. Although this approach has been adapted to more accurately represent the impact of radiation on the human body, the required measurements and calculations can be both costly and complex (Thorsson et al. 2007 ).
An inexpensive and convenient means of estimating the net radiation flux density on a human in an outdoor environment can be obtained through the use of a cylindrical radiation thermometer (CRT) (Krys and Brown 1990; Brown and Gillespie 1986) . A CRT consists of an aluminum or copper cylinder, approximately 10 mm in diameter and 100 mm in length, that is painted to have an albedo and emissivity similar to the average human skin and clothing. It is designed to produce an R value that is an integration of the total solar and terrestrial radiation fluxes that are absorbed by a cylindrical body. The CRT contains an internal temperature sensor, such as a thermistor or thermocouple, for electronic monitoring. The radiation absorbed by the cylinder is modeled based on the energy budget approach, where the long-and short-wave radiation absorbed is equal to the long-wave radiation emitted plus the convective heat losses. Once the CRT has attained a steady temperature, simultaneous measurements of air temperature and wind speed, and application of Ohm's law analogy for convection, can be applied to determine the energy budget of the cylinder (W m −2 ). Although research has suggested that the CRT provides an efficient and accurate method of estimating R in an outdoor environment (Krys and Brown 1990) , this method has been criticized for providing an over-simplification of the dynamic effect of radiation on the human form (Blazejczyk et al. 1993) .
The goal of this paper is to assess and compare three methods to estimate the total radiation absorbed (R) by a human using:
• a theoretical estimation model based on the basic principles of environmental biophysics that requires no on-site radiation measurements; • horizontal measurements provided by a planar net radiometer; • a simple-to-construct cylindrical radiation thermometer (CRT).
These goals will be accomplished through the following objectives:
• to summarize the theoretical equations used in the above noted methods for estimating R; • to provide an overview of the experimental techniques applied to estimate R under both clear and overcast skies; • to evaluate the impact of applying various clothing and skin albedos when estimating R; • to provide a comprehensive overview of the results and a discussion of their relevance to current human biometeorological research, and their potential application in outdoor thermal comfort research.
As the radiation absorbed by a human in an outdoor environment is a cross-disciplinary topic, this paper has been written to reach a broad audience including academics, architects, engineers, landscape architects and planners. Therefore, a comprehensive review of many of the basic principles and equations of environmental biophysics are presented.
Theory
Estimation of horizontal fluxes under clear sky conditions using the basic principles of meteorological biophysics
The following section outlines a theoretical model to estimate the radiation received on a horizontal plane with the following inputs: the solar constant, atmospheric transmissivity, location (latitude and elevation), atmospheric pressure, surface albedo and air temperature. The following equations for estimating the incoming and outgoing short-and long-wave radiation fluxes are intended for application under clear sky conditions and a full sky view.
Solar radiation
Solar radiation absorbed by a human in an outdoor environment is a substantial contributor to the body's energy budget (Blazejczyk et al. 1998 ). The total solar radiation load on a human is composed of: the incoming direct beam radiation (K b ), the diffuse radiation (K d ) that is scattered as the direct beam passes through the earth's atmosphere, and the radiation that is reflected from the ground hemisphere (K r ).
Separating solar radiation into the direct and diffuse components is necessary as the intensity and geometric characteristics of each vary greatly. Incoming direct radiation is received in a parallel beam, while diffuse radiation is isotropic and scattered from all directions in the sky and ground hemispheres (Monteith and Unsworth 1990) . Although the ratio of incoming direct to diffuse radiation depends upon the elevation of the sun and degree of cloud cover in the atmosphere, under clear sky conditions, direct beam radiation can comprise in excess of 90% of the total radiation received in the visible and near-infrared bands (Driscoll 1985) . As these are the wavelengths most responsible for heating, the direct beam component can be an important contributor to radiative heating and the overall energy budget of humans.
The incoming direct beam solar radiation (W m −2 ) incident on a horizontal surface can be estimated as (Campbell and Norman 1998) :
where ψ is the solar zenith angle ( o ) and K p is the incoming direct irradiance that is received on a surface perpendicular to the beam. The term K p can be estimated as (Campbell and Norman 1998) :
where K o is the solar constant defined as the radiant energy emitted by the sun as observed at the top of the earth's atmosphere on a plane surface placed normal to the solar beam (∼1,367 W m −2 ) (Brock and Richardson 2001; Oke 1987) , and τ is the atmospheric transmittance. Atmospheric transmittance will vary both spatially and temporally, but generally varies between 0.6 to 0.75 for clear sky conditions (Campbell and Norman 1998; Terjung and Louie 1971) . The term m is the optical air mass number. For zenith angles less than 80
• , it can be estimated as (Campbell and Norman 1998) :
where P a is the atmospheric pressure (kPa) at the observation site (the value 101.3 kPa is the sea level atmospheric pressure). On clear days, the diffuse incoming radiation can be calculated as (Campbell and Norman 1998) :
The amount of total incoming solar radiation that is reflected from the ground hemisphere is estimated as:
where α gr is the albedo of the ground surface and K t is the total incoming solar radiation as represented by:
Terrestrial radiation Monteith and Unsworth (1990) suggest two simple equations that were developed based on a linear approximation of the dependence of full radiation on temperatures above 283 K. The equations for estimating the incoming long-wave radiation emitted from the sky hemisphere (L a ) and the outgoing long-wave radiation emitted by the ground hemisphere (L g ) under clear sky conditions are:
and,
where T a is the air temperature ( o C). The intention of the present study was to apply a basic method for estimating the radiation fluxes in an outdoor environment. For complex outdoor environments, a more sophisticated approach to modeling L a as a function of vapour pressure and air temperature and L g as a function of the measured surface temperature may be preferred (e.g., Oke 1987; Ali-Toudert et al. 2005 ).
Measuring radiation fluxes using a horizontal net radiometer Radiometers are the most common and reliable means of collecting radiation data: pyranometers are used to measure both direct solar beam and diffuse sky radiation, pyrgeometers are used to measure terrestrial radiation, and net radiometers are designed to measure the difference between incoming and outgoing radiative energy fluxes (Brock and Richardson 2001) . On-site measurements for the incoming and outgoing radiation fluxes can be obtained with a net radiometer that is designed with two (one upwards facing and one downward facing) pyranometers and pyrgeometers, and thus is capable of measuring all four radiation components separately (e.g., Model CNR1; Kipp & Konen, Delft, Netherlands). Pyranometers are designed to provide K t and thus do not provide separate measurements for the incoming sky diffuse and direct beam solar radiation. By combining equations 1, 2, and 4, K b can be estimated under clear sky conditions as a proportion of K t as:
and K d becomes:
Modeling the radiation absorbed by a human from horizontal radiation fluxes Data calculated using the estimation model or measurements obtained from radiometers are based on the radiation received by a horizontal surface and require mathematical interpretation to represent the radiation absorbed by a human. A vertical cylinder is commonly used to represent the human body in a standing position (Krys and Brown 1990; Monteith and Unsworth 1990; Campbell 1977) , where the total radiation that is absorbed is equal to the absorbed diffuse and direct beam solar radiation plus the solar radiation that is reflected from the ground hemisphere, in addition to the absorbed atmospheric long-wave radiation plus the longwave radiation received from the ground hemisphere.
The radiation absorbed by a vertical cylinder
The following equations are used to convert the data generated by the theoretical estimation model (Eqs. 1-8) and the planar measurements obtained using on-site radiometer measurements to the radiation absorbed by a vertical cylinder. The total incoming direct beam radiation absorbed by the vertical cylinder (W) is calculated based upon the direct irradiance received perpendicular to the beam as:
where A cs is the cross-sectional area of the cylinder, and α h is the albedo which is used to represent the average skin and clothing albedo of a human in an outdoor environment. Skin albedo generally varies from 0.4 to 0.45 for light skin tones and from 0.2 to 0.25 for darker skin tones (Monteith and Unsworth 1990; Driscoll 1985) . Although the albedo of clothing can vary greatly depending upon both clothing color and texture, Brown and Gillespie (1986) recommend an average skin and clothing albedo of 0.37 for application in outdoor thermal comfort research, Terjung and Louie (1971) applied an average albedo of 0.40 and Blazejczyk et al. (1993) applied an average albedo of 0.33 to model the solar radiation absorbed by a human in an outdoor environment. To model the radiation absorbed using on-site radiometer measurements (R N R ), equations (9) and (10) are applied to separate the total incoming short-wave diffuse and direct beam fluxes and then equation (1) is applied to convert the incoming direct beam solar radiation incident on a horizontal surface, to that received on a surface perpendicular to the beam.
It is assumed that K d , K r , L a , and L g are received as isotropic fluxes. Therefore, the total radiation absorbed (W) becomes:
where A cyl is the outer surface area of the cylinder, ε h is the emissivity of a human (∼0.95) and the view factor of the cylinder is 0.5, since any point on the cylinder 'sees' half of the sky hemisphere and half of the ground hemisphere. Under overcast skies, there is no beam components (K b = 0 W m −2 ) and K t is entirely diffuse. Therefore, the total incoming solar radiation absorbed (W) is calculated based on equation (12).
The total radiation absorbed by a human (W m −2 ) then can be calculated based on the theoretical estimates or measurements obtained by radiometers as:
Calculating radiation absorbed using a cylindrical radiation thermometer
The radiation absorbed by a CRT is modeled based on the steady state energy budget of the cylinder, where the radiation absorbed (W m −2 ) is equal to the radiation emitted by the cylinder (calculated based on the Stefan-Boltzman equation) plus the convective heat transfer between the cylinder and the ambient environment. The radiation absorbed by the cylinder is calculated as:
where ε is the emissivity of the cylinder (∼0.95) σ is the Stefan-Boltzman constant (5.67×10 
where Re is Reynolds number (V Dv −1 ), Pr is Prandtl number (0.71), D is the diameter of the cylinder, V is the free stream air velocity, v is the kinematic viscosity of air (∼1.5 × 10 −5 m 2 s −1 ), k is the thermal diffusivity of the air (∼22 × 10 −6 m 2 s −1 ) and A and n are empirical constants derived from experiments on heat flow from cylinders: when Re<4,000, A=0. 683 and n=0.466; if Re>4,000<40,000, A=0.193 and n=0.618; and if Re>40,000 A=0.0266 and n=0.805 (Kreith and Black 1980) .
Methods
The following section outlines the methods applied to compare three methods for estimating the radiation absorbed by a human based on the following definitions:
• R E is the radiation absorbed by a cylindrical body calculated based upon theoretical estimates of the incoming and outgoing radiation fluxes and requiring no on-site radiation measurements;
• R N R is the radiation absorbed by a cylindrical body calculated based upon the on-site horizontal longand short-wave radiation measurements provided by a net radiometer; • R RT is the radiation absorbed by a cylindrical body calculated based upon the on-site measurements of a cylindrical radiation thermometer. The CRT as described by Brown and Gillespie (1986) and Krys and Brown (1990) was modified for electronic monitoring using a copper-constantan thermocouple (Fig. 1) . The thermocouple junction was inserted to the midpoint of a piece of copper pipe 110 mm in length and 9.50 mm in diameter, which was filled with a conductive epoxy (OMEGABOND 101; Omega Engineering, Quebec). To represent the radiative properties of a human, the CRT was painted to have an albedo of 0.37 and an emissivity of 0.95. To evaluate the effect of various clothing and skin albedos during the 31 August 2007 field measurements, two additional CRT's were constructed and painted to have an albedo that represented light clothing (α h = 0.57) and dark clothing (α h = 0.21). The CRT was designed to minimize the effects of terrestrial radiation on the sensor by inserting it 2 mm into a piece of wood dowel, 60 mm in length and 25 mm in diameter. A metal rod 9 mm in diameter was then inserted 2 mm into the opposite end of the dowel for mounting in a clamp, and the CRTs were secured at 90
• to the ground surface. Wind velocity was measured using a cup anemometer (Metone 014A; Metone, USA). For the June 2007 field tests, air temperature was collected as the hourly average from a Stevenson screen located at the on-site Environment Canada weather station, approximately 50 m from the test site. For the August 2007 field tests, Fig. 1 A CRT constructed from a piece of copper pipe painted to have radiative properties similar to a clothed human. To construct the CRT, the pipe was filled with a conductive epoxy and a thermocouple was inserted to the mid-point of the pipe. The CRT was mounted using a metal rod, which was inserted into a piece of 1-in (2.54-cm) wood dowel air temperature was measured using a thermocouple which was placed in a naturally ventilated radiation shield (Young, USA). Relative humidity data was collected as the hourly average from a Stevenson screen located at the weather station.
All four radiation flux components (K t , K r , L a , and L g ) were measured separately using a CNR1 net radiometer (Model CNR1; Kipp & Konen) that was leveled prior to each field test.
Data were collected at 10-s intervals using a datalogger (model 21X; Campbell Scientific Instruments, Logan, UT) and calculated as an average over a 5-min sampling period. In order to apply the hourly data collected at the research station, the data collected in June 2007 were assessed based on 60-min averages.
All instruments were secured at 1.5-1.7 m above the ground. It was ensured that no shadows were cast on either the CRT's or the CNR1 net radiometer during the field testing.
Evaluation of the R models
Statistical evaluation of the difference between the methods used to estimate R was conducted based on the Mean Bias Error, calculated as:
where R a and R b represent the respective methods for estimating the radiation absorbed by a human and n is the total number of measurements evaluated. The Mean Absolute Deviation was calculated as:
The Root Mean Square Error was calculated as:
Results and discussion
Estimating atmospheric transmissivity under clear sky conditions Table 1 presents a summary of the meteorological conditions during the field tests conducted under clear skies. Atmospheric transmissivity (τ ) varies both spatially and temporally depending upon the 'turbidity' of the atmosphere. A τ value of less than 0.4 indicates overcast skies and a τ value of greater than 0.75 indicates very clear skies (Baigorria et al. 2004; Campbell and Norman 1998) . The τ value for each day was determined by the RMSE between the K t estimated by equation (6), and the K t measured by the CNR1 net radiometer, calculated at τ values ranging from 0.40 to 0.80 (e.g. Fig. 2 The R values ranged from approximately 540 to 620 W m −2 during the test periods. The hourly variation displays two distinct sinusoidaltype curves. The first over the course of the morning hours (∼0800-1200 h), and the second over the course of the afternoon hours (∼1300-1800 h). These curves clearly display the impact of direct beam solar radiation on a cylindrical body typical for the summer months in mid-latitude regions. During the morning hours, the R values tended to increase with solar altitude to a maximum value at mid-morning and then decrease as the sun approached solar noon, when less direct beam radiation impacted the upright cylindrical shape. As short-and long-wave radiation inputs increased into the afternoon hours, the R values peaked between 1500-1600 h, and then began to decrease into the evening hours. Terjung and Louie (1971) describe these bimodal curves as occurring because the exposed area of a cylindrical body declines more rapidly with a decreasing zenith angle, than the increasing intensity of solar radiation received on a horizontal surface. Thus, the daily noontime direct beam solar load on the cylinder is lower for high-sun periods. In the midlatitude winter months, when the sun maintains a low solar altitude, the diurnal R curve would be expected to be bell-shaped, with a maximum value attained at the time of solar noon. There was good agreement between the R N R and R E methods over the entire sampling periods (RMSE = 20-27 W m −2 ) ( Table 2 ). The estimation method showed a bias toward underestimating both the on-site net radiometer and cylindrical radiation thermometer methods. With the exception of 13 June, there is a distinct phase shift in the results generated by the R RT model. This phase shift may reflect the delayed response of the temperature of the cylinder to the impacts of radiation, as the CRT measurements are modeled based on the cylinder's energy budget -a steady state output. It may also be a consequence of calculating R as an hourly average. Due to the high spatial and temporal variability of R and its importance to the human energy balance equation, it may be more effective to calculate R based on shorter time periods (i.e. ≤ 15 min).
The R RT tended to overestimate R during the morning hours, especially on 11 June. As the instruments remained exposed at night, it is possible that dew as a consequence of radiational cooling on clear calm nights, interfered with the sensor measurements during the morning hours. The CRT is designed to function in dry conditions and equation (16) does not consider the evaporative heat losses of the cylinder. When moist, the radiation absorbed by the cylinder becomes equal to the terrestrial radiation emitted plus the convective heat losses plus the evaporative heat losses. Thus, when moist, the CRT will overestimate the radiation absorbed.
The RMSE between the methods was lowest (18-30 W m −2 ) from 12 to 14 June. For all sampling days, the best agreement between the R RT and the R N R and R E models generally occurred between the hours of 1100 to 1600 h (zenith angle ∼20-50
• ), when both the short-and long-wave radiation inputs were greatest. During all sampling periods, the range of error between the methods used to estimate the radiation absorbed by a cylindrical body under clear sky conditions was tolerable (3.1-7.9%). As the challenges of accurate design and development for short-and long-wave radiation measurements make them inherently difficult meteorological variables to measure, reasonable estimates are considered generally acceptable within 10% of the measured value (Gul et al. 1998; Podesta et al. 2004; Swift and Knoerr 1973) . The results obtained in this study are very similar to those produced by Krys and Brown (1990) who concluded that a CRT and weather station estimation model measured R within a 10% range of error of that calculated using on-site measurements. The benefits of the present study are that it:
• presented a simple method of estimating R in the absence of on-site measurements; • provided a convenient means of modeling R based on planar radiation measurements; • presented a comprehensive assessment of the daily variation (0800-1800h) of R; • evaluated the performance of a net radiometer and CRT under overcast skies.
Albedo test Figure 5 compares the impact of applying the various α h values on the R output for the three calculation methods. All methods of calculating the radiation absorbed by a human were sensitive to the changes in α h . Over the sampling period, R ranged from approximately 600 to 710 W m −2 for the darkest albedo (α h = 0.21), 560 to 600 W m −2 for the medium albedo (α h = 0.37), and 475 to 530 W m −2 for the lightest albedo (α h = 0.57). The mean change in R between the darkest and lightest albedo ranged from 115 to 157 W m −2 over the sampling period.
These results are similar to the results produced by Blazejczyk et al. (1998) and concluded that color of fabric strongly affects the absorption of direct and diffuse beam solar radiation. The results in the present study suggest that it is important to accurately represent the clothing and skin albedo of subjects when estimating R. Although the heat absorption due to the solar heat load is greater for dark-colored clothing than for light-colored clothing, whether this would translate into a greater heat strain for the subject depends on other factors in the human heat balance equation such as the insulation value of the clothing, the boundary air resistance, and the ambient air temperature, relative humidity and wind speed (Nielsen 1990) .
R and outdoor thermal comfort
Thermal comfort models are commonly applied as a predictive tool to assess human responses to thermal environments. There is a wide range in sophistication of thermal comfort models, but they all evaluate the heat and moisture exchange with the environment, determine a balance between heat generated within the body and dissipated to the environment, and relate this physiological response to perceptions of thermal sensation (Jones 2002) . The human heat balance equation is composed of the following inputs: metabolism, and short-and long-wave radiation absorbed. In order for thermal comfort to be achieved, the positive inputs of metabolism and the short-and long-wave radiation absorbed must be balanced by the following outputs: convection, evaporation, and the terrestrial radiation emitted by the body.
To apply the vertical cylinder R models proposed in this study, the effective radiation area factor (A ef f ), which accounts for irregularities of the human body and inter-radiative exchange between body parts (0.78 for standing, 0.70 for seated, and 0.66 for crouched position (Kerslake 1972) ) must be integrated into equations (15) and (16) as follows:
The relative importance of obtaining an accurate estimate of R can be assessed in Table 3 . Under clear sky conditions, R was approximately four times the amount of the metabolic input of a standing person in all circumstances. Under the average conditions measured on 31 August 2007 a subject wearing dark clothing would have been warm, while a subject wearing medium toned or light clothing would have been comfortable (the subject wearing light clothing would be on the border line of feeling cool). These results clearly demonstrate that in an outdoor environment, under clear sky conditions, the total short-and long-wave radiation input will be much in excess of the metabolic input of a human sitting, standing or performing mild to moderate physical activity (see Ainsworth et al. 2000 for a complete Table 3 Energy balance of a subject standing in an outdoor environment at various clothing and skin albedos (α h ) given the average conditions measured during the field tests on 31 August 2007 at the Elora Research Station, ON a description of metabolic activity rates). It also confirmed that it is very important to consider clothing and skin albedo (α h ) in outdoor thermal comfort research. All methods for calculating R in this study are designed to provide reliable estimates of α h .
Conclusion
Radiation is one of the most important variables to consider in outdoor thermal comfort research, especially when subjects are exposed to substantial amounts of solar radiation. The radiation absorbed by a human in an outdoor environment is often the largest contributor to the human energy balance equation. As short-and long-wave radiation received in an outdoor environment can vary substantially over space and time, it is increasingly important to make accurate estimates of the impact of radiation on a human. Due to the complexities of the atmospheric and terrestrial radiative environment, the total long-and short-wave radiation absorbed by the human body is difficult to quantify. The three methods assessed in this study provided estimates of R by a vertical cylinder under clear sky conditions to within 3-8% error of each other. This study also confirmed that accurately representing the combined skin and clothing albedo of subjects is extremely important when estimating R, where differences between light and dark albedos can range in excess of 100 W m −2 . There are advantages and disadvantages associated with all of the above methods. The estimation model requires no instrumentation and is therefore easily applied to any location. However, under fluctuating cloud-cover conditions, reliable estimations of the incoming short-and long-wave fluxes become increasingly difficult to obtain. For application in outdoor thermal comfort studies, on-site measurements are preferable. Net radiometers provide the most accurate and reliable measurements for incoming and outgoing radiation fluxes, but are relatively expensive and cumbersome to operate. Although it has been recommended that the radiation environment of a human be established in three-dimensional form, where a combination of pyranometer and pyrgeometer measurements are required in six directions to accurately represent the complete short-and long-wave fluxes incident on the body (Matzarakis et al. 2007; Parsons 2003) , the R E and R N R methods proposed in this study were conveniently based on just the horizontal measurements.
The direct beam solar radiation incident on a cylinder has a large impact on R. It is very important to separate the total incoming short-wave radiation measurement into the direct and diffuse beam components, due to their varying geometries. The presence of clouds can cause wide fluctuations in the total incoming direct and diffuse beam short-wave radiation fluxes (see equations (9) and (10)). Although empirical models are available to provide estimates of the ratio of incoming direct to diffuse beam radiation under cloudy conditions, it becomes more erroneous to model the total solar radiation absorbed under overcast conditions, which is a disadvantage of the R E method.
The CRT represents a convenient, inexpensive method for providing on-site R measurements under a variety of cloud-cover conditions. As the cylinder is especially sensitive to solar heat gain in association with the amount of short-wave radiation absorbed, care must be taken in selecting the correct α h value to apply to the cylinder. As the CRT measurements are modeled based on the cylinder's energy budget, which is a steady-state output, there may be a delayed response of the temperature of the cylinder to the impacts of radiation.
The interactions between short-and long-wave radiation fluxes in the sky and ground hemispheres and the human body are complex and make it difficult to precisely estimate the total radiation absorbed by a human in an outdoor environment. This study outlined and assessed three methods for estimating R based on theoretical principles of meteorological biophysics that can be conveniently applied to provide reliable estimates of the radiation absorbed by a human in an outdoor environment.
